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Abstract
The orbital architecture of the Solar System is thought to have been sculpted by a dynamical instability
among the giant planets. During the instability a primordial outer disk of planetesimals was destabilized and
ended up on planet-crossing orbits. Most planetesimals were ejected into interstellar space but a fraction were
trapped on stable orbits in the Kuiper belt and Oort cloud. We use a suite of N-body simulations to map out the
diversity of planetesimals’ dynamical pathways. We focus on two processes: tidal disruption from very close
encounters with a giant planet, and loss of surface volatiles from repeated passages close to the Sun. We show
that the rate of tidal disruption is more than a factor of two higher for ejected planetesimals than for surviving
objects in the Kuiper belt or Oort cloud. Ejected planetesimals are preferentially disrupted by Jupiter and
surviving ones by Neptune. Given that the gas giants contracted significantly as they cooled but the ice giants
did not, taking into account the thermal evolution of the giant planets decreases the disruption rate of ejected
planetesimals. The frequency of volatile loss and extinction is far higher for ejected planetesimals than for
surviving ones and is not affected by the giant planets’ contraction. Even if all interstellar objects were ejected
from Solar System-like systems, our analysis suggests that their physical properties should be more diverse
than those of Solar System small bodies as a result of their divergent dynamical histories. This is consistent
with the characteristics of the two currently-known interstellar objects.
1. THE SOLAR SYSTEM’S PLANETESIMALS
The Solar System’s small body populations represent the
last planetesimals leftover from the planets’ formation. They
contain very little mass: the asteroids add up to less
than a thousandth of an Earth mass (Krasinsky et al. 2002;
Kuchynka & Folkner 2013), the entire Kuiper belt perhaps
a Mars mass (Gladman et al. 2001), and the Oort cloud a
few Earth masses at most (Dones et al. 2015). Yet their ini-
tial mass budgets were likely significant larger, with up to
a few M⊕ in the primordial asteroid belt (see discussion in
Raymond et al. 2018c) and 10 − 30M⊕ in the early Kuiper
belt (Nesvorný & Morbidelli 2012).
The Solar System’s giant planets are thought to have
undergone a dynamical instability (Tsiganis et al. 2005;
Morbidelli et al. 2007). Current thinking suggests the fol-
lowing scenario. When the gaseous disk dissipated the gi-
ant planets were on more compact, resonant orbits, with an
outer disk of planetesimals (Morbidelli et al. 2007). Inter-
actions between the planets and planetesimal disk (or per-
haps simply among the planets; Ribeiro de Sousa et al. 2020)
triggered the instability (Levison et al. 2011; Deienno et al.
2017), during which the Kuiper belt and Oort cloud were
populated (Brasser & Morbidelli 2013; Nesvorný et al. 2017,
; note that the ‘cold classical’ Kuiper belt is thought to have
been left largely intact). Originally proposed as a delayed
event (Gomes et al. 2005), a consensus is emerging that the
instability happened early, no later than 100 Myr after the
start of planet formation (Zellner 2017; Morbidelli et al. 2018;
Nesvorný 2018; Mojzsis et al. 2019; Hartmann 2019).
The instability marks the emptying of large stable reser-
voirs of planetesimals via planetary scattering. The forces
felt by planetesimals are not purely gravitational. Close
encounters with giant planets – especially very close ones
– can lead to tidal disruption (e.g. Asphaug & Benz 1996;
Richardson et al. 1998). Surface volatiles are lost during pas-
sages close to the Sun; some planetesimals lose their cometary
activity and become extinct (e.g. Levison & Duncan 1997;
Di Sisto et al. 2009), and sublimation-driven activity may also
flatten comets’ shapes (Zhao et al. 2020).
Here we model the dynamical pathways of the planetesi-
mals born in the primordial Kuiper belt. There is a signif-
icantly higher rate of tidal disruption and extinction among
ejected planetesimals compared with surviving ones. This
may create physical differences between the size and surface
distributions of surviving Solar System objects and interstel-
lar objects, and also create a diversity of physical character-
istics within each population. These processes have already
been invoked to explain the properties of known interstellar
objects (Raymond et al. 2018a,b).
2. DYNAMICAL SIMULATIONS
Our simulations were designed to capture the effect of the
giant planets’ instability, which we assume to have taken place
shortly after the dispersal of the Sun’s gaseous disk. We
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were guided by previous studies of the instability that de-
termined the initial conditions most likely to produce Solar
System-like outcomes (Nesvorný & Morbidelli 2012). The
four giant planets – as well as a fifth ice giant that was in-
cluded to increase the probability of Solar System-like out-
comes (Nesvorný 2011) – were initially placed in a chain of
mutual mean motion resonances (from the inside-out, in 3:2,
3:2, 2:1, and 3:2 resonance), anchored by Jupiter at 5.95 au
and Neptune at 20.4 au. An outer disk of 1000 planetesimals
was placed on low-eccentricity, low-inclination orbits from
21.4 au (2 Hill radii exterior to Neptune’s orbit) out to 30 au,
constrained by planetesimal-driven migration studies to be the
outer edge of the disk (Gomes et al. 2004). The planetesimal
disk contained a total of 20M⊕ and followed an r
−1 surface
density profile.
Each simulation was integrated for 1 Gyr using a version of
the Mercury hybrid integrator (Chambers 1999) that was mod-
ified to include the Galactic tidal field and perturbations from
passing field stars (Heisler & Tremaine 1986; Rickman et al.
2008; Kaib et al. 2018). The code did not account for the dy-
namics of the Sun’s birth cluster. The code recorded each time
a planetesimal passed within 2.5 au of the Sun. Particles were
considered ejected when they reached 1 parsec (206,265 au)
from the Sun.
From our set of 100 simulations, 18 provided an acceptable
match to the Solar System, with four surviving giant plan-
ets (in the right order) with orbital radii close to their cur-
rent ones and eccentricities and inclinations within a factor of
two. Our sample groups together particles from all 18 simula-
tions. A total of 15,104 planetesimals (83.9%) were ejected,
634 (3.5%) hit the Sun and 437 (2.4%) collided with a planet.
The orbital distribution of the 1825 surviving planetesimals
(10.1%) in the 18 simulations is shown in Fig. 1. The com-
bined Oort cloud of these simulations contains 1518 particles
for a cutoff of semimajor axes a > 1000 au, for an average
Oort cloud mass of 1.68M⊕. Surviving planetesimals within
1000 au are on orbits reminiscent of the Solar System scat-
tered disk and contain an average of ∼ 0.3M⊕ within 1000 au
(and ∼ 0.18M⊕ within 100 au). These populations are con-
sistent with empirically-constrained estimates (Gladman et al.
2001; Dones et al. 2015).
A first observation is that ejected planetesimals originated
closer-in than planetesimals that remained on stable orbits
around the Sun (that we refer to below as ‘survivors’). The
most striking difference is between ejected planetesimals and
scattered disk (a < 1000 au) planetesimals. While the orig-
inal planetesimal disk was less than 9 au in width, there was
a 1.4 au difference in the median of these populations (ainit
of 25.6 au for ejected planetesimals and 27 au for scattered
disk planetesimals), and a KS test found a probability of
p = 2 × 10−8 that they were drawn from the same distribu-
tion. The initial orbital radii of Oort cloud planetesimals were
roughly consistent with those that were ejected (p = 6×10−2)
and consistent with those that hit the Sun or a planet. This
trend arises because, as we will see in the next Section, sur-
viving planetesimals tend to avoid entering the inner Solar
System and thus tend to originate farther away from the plan-
ets. In contrast, the planetesimals that were ejected sample
the outer disk uniformly.
3. TIDAL DISRUPTION
The planetesimal disk is completely emptied by the giant
planets’ instability. All simulated planetesimals underwent
close encounters with at least one planet. The forces felt





























FIG. 1.— Orbital distribution of the surviving planetesimals in the simula-
tions that provided a reasonable match to the giant planets.
by planetesimals are not purely those of point mass grav-
ity. Tidal disruption can occur when a planetesimal passes
within a critical approach distance, which depends primar-
ily on the planetesimal density (the rotation rate and tensile
strength have second-order effects; Asphaug & Benz 1996;
Richardson et al. 1998). We adopt a simple formula for








where Rplanet is the planet’s radius, and ρ are bulk densities.
The term tidal disruption encompasses a spectrum of out-
comes. Numerical simulations have shown that a plan-
etesimal that passes within Rtidal will begin to shed mass
but closer approaches are required for catastrophic disrup-
tion (Richardson et al. 1998; Walsh 2018). Asphaug & Benz
(1996) found that in a passage below ∼ 0.74Rtidal
[0.55Rtidal] the largest surviving fragment will be smaller
than 50% [20%] the size of the original body. We re-
fer to the different disruption regimes as super-catastrophic
(dmin/Rtidal < 0.55), catastrophic (0.55 < dmin/Rtidal <
0.74) and “gentle” (0.74 < dmin/Rtidal < 1). We expect
outer disk planetesimals to have densities ρ ≈ 0.5 g cm−3,
the typical value measured or inferred from studies of spe-
cific comet nuclei (e.g. Asphaug & Benz 1994; Carry 2012;
Pätzold et al. 2016). Jupiter’s tidal radius is Rtidal =
2.34RJup. In 1992 comet Shoemaker-Levy 9 catas-
trophically disrupted after a closest approach of 1.33
RJup (Sekanina et al. 1994; Movshovitz et al. 2012), corre-
sponding to 0.57Rtidal.
Figure 2 shows the distribution of the closest approach that
each planetesimal underwent throughout its evolution, dmin,
normalized to Rtidal of that planet. The overall tidal disrup-
tion rate is more than a factor of two higher among ejected
planetesimals than surviving ones (3.1% vs. 1.4%). This is
because ejected planetesimals were preferentially scattered by
Jupiter and surviving ones by Neptune. The number of close
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FIG. 2.— The closest encounters between planetesimals and planets. The
main plot shows the cumulative distribution of planetesimals’ closest encoun-
ters with a planet dmin normalized to the tidal disruption radius Rtidal,
which was calculated assuming ρ = 0.5g cm−3. The inset shows the
rate of different regimes of disruption among ejected and surviving plan-
etesimals: super-catastrophic (dmin/Rtidal < 0.55), catastrophic (0.55 <
dmin/Rtidal < 0.74) and “gentle” (0.74 < dmin/Rtidal < 1).
encounters with Jupiter per tidal disruption event was 2640.
For Neptune this value was 9 times higher. The reason for
this difference is both geometrical and dynamic. A close en-
counter takes place when a planetesimal enters a planet’s Hill
sphere (RH = a (M/3M⋆)
1/3, where a is the orbital distance
and M the planet mass). The ‘disruption’ part of parameter
space can be thought of as a ring of trajectories between the
planet’s surface and Rtidal, and the probability of disruption
scales with the surface area of that ring relative to that of the
Hill sphere. By this fact alone, planetesimals are 32 times
more likely to disrupt during an encounter with Jupiter than
one with Neptune, although this factor drops to 17 by account-
ing for the fact that Neptune was closer to the Sun when most
disruptions took place, at 20-24 au depending on the simula-
tion. Yet planetesimals encountered Neptune at much lower
speeds than Jupiter. One would expect encounter velocities to
scale with the orbital speed, yet in our simulations planetes-
imal encounter velocities were significantly faster compared
with Neptune, roughly a factor of two (on average) higher
than the ratio of the planets’ orbital speeds. This is because by
the time planetesimals encountered Jupiter they had already
undergone a series of scattering events with other planets that
acted to increase their random velocities. Gravitational fo-
cusing – which scales as 1 + (vesc/vrand)
2, where vesc is
the planet’s escape speed and vrand a planetesimal’s random
velocity – was almost twice as strong for Neptune than for
Jupiter. This combination of geometry and gravitational fo-
cusing predicts a factor of ∼ 9 times higher disruption rate
for Jupiter than for Neptune, in agreement with the simula-
tions.
The rates of catastrophic and super-catastrophic disruption
were closer for ejected and surviving planetesimals (inset in
Fig. 2). Yet given small number statistics, with just 26 to-
tal disruption events among 1825 surviving planetesimals, ex-

































FIG. 3.— Model evolution of the radius of each giant planet (from
Fortney et al. 2011) in units of its tidal radius Rtidal. Tidal disruption is
possible when a planet’s physical radius becomes smaller than its tidal dis-
ruption radius (shading indicates different degrees of disruption).
ploring the relative distribution of disruption events is left for
future study.
4. THE ROLE OF GIANT PLANET CONTRACTION
The giant planets contracted and cooled after their forma-
tion (e.g. Marley et al. 2007; Fortney et al. 2011). One may
wonder whether many tidal disruption events inferred from
planet-planetesimal close encounters should really have re-
sulted in collisions. To test this, we adopted radius evolu-
tion models from Fortney et al. (2011) for all four giant plan-
ets. (The disruption rate of planetesimals from encounters
with the third, ejected ice giant was low enough to ignore).
These models calculate the radiative atmosphere and con-
vective interior cooling and planet-wide contraction of each
Solar System giant planet. While they are constrained to
match the present-day planets, they do not contain a forma-
tion model. Adiabatically “rewinding the clock” to just af-
ter their formation likely overestimates their early sizes by
10-20% (Marley et al. 2007; Fortney et al. 2011), so includ-
ing these models likely modestly overestimates the effect of
contraction.
Figure 3 shows the evolution of model radii in units of
each planet’s tidal disruption radius Rtidal, which depends
solely on the planet’s mass and so remains fixed in time
(Eq. 1). Jupiter contracts on a ∼ 1 Myr timescale and Sat-
urn on ∼ 10 Myr timescale, but the ice giants’ radii barely
change. Accounting for the giant planets’ contraction there-
fore affects the disruption of ejected planetesimals but not
survivors’. This is because, while ejected planetesimals un-
derwent many close encounters with Jupiter and Saturn, sur-
viving planetesimals tended to avoid the gas giants (Sec. 3).
Tidal disruption events can only occur when a planet’s ra-
dius drops below Rtidal, such that early disruptive encounters
are replaced by planetary collisions. The rate of tidal dis-
ruption of ejected planetesimals dropped by ∼ 20%, as 58
tidal disruption events with Jupiter and 26 with Saturn should
in principle have resulted in collisions. An even higher frac-
tion of very close encounters – those that lead to catastrophic
disruption – should have been collisions. Roughly 30% and
43% of encounters meeting the criteria for catastrophic and
super-catastrophic disruption (dmin/Rtidal < 0.74 and 0.55;
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Asphaug & Benz 1996), respectively, should have resulted in
collisions. Disruption events among surviving planetesimals
were almost entirely from encounters with Neptune and none
was affected by its contraction. In fact, after accounting for
the giant planets’ contraction, there were slightly more super-
catastrophic disruption events among surviving planetesimals,
although we caution that model uncertainties and small num-
ber statistics make this uncertain.
5. VOLATILE LOSS AND PLANETESIMAL
EXTINCTION
After repeated passages close to the Sun comets lose their
surface volatiles and go extinct. They no longer outgas as they
approach the Sun and become much fainter and more difficult
to detect (see Boe et al. 2019, for current constraints on the
size distribution of cometary nuclei). Nonetheless, many ex-
tinct comet nuclei have been discovered (including the Damo-
cloid population; see Jewitt 2005). While the timescales
are too long to observe extinction in individual comets, dy-
namical models of the population of comets constrain the
conditions that lead to extinction (Levison & Duncan 1997;
Di Sisto et al. 2009; Rickman et al. 2017). Nesvorný et al.
(2017) found that the distributions of Halley-type and ecliptic
comets was matched if extinction occurred after N orbits with
perihelion distance q < 2.5 au, where N ∼ 500− 1000.
Figure 4 shows the distribution of the number of passages
within 2.5 au of the Sun for different populations of plan-
etesimals. Only 2.1% of surviving planetesimals underwent
500 or more passages within 2.5 au and would have become
extinct according to the criterion of Nesvorný et al. (2017).
In contrast, 17.1% of ejected planetesimals would have been
de-volatilized. The sub-population that spent the least time
in the inner Solar System were surviving planetesimals that
survived on orbits interior to 1000 au, for which only 1.6%
went extinct and only 3.6% ever entered within 2.5 au of
the Sun at all during the billion-year integrations. The pro-
cess of ejection typically requires tens of close encounters
with Jupiter. While ejected planetesimals are those with a
net gain in orbital energy, the encounter geometry is ran-
dom and some close encounters can kick planetesimals in-
ward. Jupiter-family comets are representative of this behav-
ior, as they were scattered inward by Jupiter but are on their
way to ejection. Extinct planetesimals are simply those that
had a prolonged stay in the inner Solar System before be-
ing ejected. The fraction of planetesimals that was rendered
extinct was barely affected when the giant planets’ contrac-
tion was taken into account (as in Sec 4.). Planetesimals that
were rendered extinct passed closer to Jupiter than the aver-
age ejected planetesimal, with a closest encounter of 10Rtidal
for extinct ejected planetesimals vs. 69Rtidal for all ejected
planetesimals. Yet only a very small fraction (less than 2%)
passed close enough to the giant planets’ surfaces for their
contraction to make a difference.
To match the ratio of new to returning long-period comets,
Nesvorný et al. (2017) found that Oort cloud comets could
not undergo more than 10 passages within 2.5 au without be-
coming extinct. They attributed the more rapid extinction of
these comets to their nuclei being much smaller than those
of typical ecliptic or Halley-type comets (also proposed by
Brasser & Morbidelli 2013).
Our simulated planetesimals are far more massive than real
ones such that one particle represents a size distribution. Af-
ter a planetesimal tidally disrupts into fragments its effec-
tive size distribution is shifted to much smaller bodies (see
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FIG. 4.— Distribution of the number of times a planetesimal passed within
2.5 au. The dashed red line shows the number of passages within 2.5 au for
disrupted planetesimals, after disruption and before ejection. Curves do not
start at the origin because many planetesimals never passed within 2.5 au.
Raymond et al. 2018a, and discussion below). Following
Nesvorný et al. (2017) we impose an extinction criterion of
just 10 passages within 2.5 au after a planetesimal has dis-
rupted. The majority (65%) of disrupted ejected planetesimals
meet this criterion such that their fragments should have lost
their volatiles prior to ejection and be extinct. A larger frac-
tion of disrupted ejected planetesimals were affected by the
giant planets’ contraction, given that these are the planetesi-
mals that underwent very close approaches to the giant plan-
ets. Yet even after taking contraction into account, more than
half (58%) of fragments were de-volatilized prior to ejection.
In contrast, only 14% of surviving disrupted planetesimals
(just 4 particles) were rendered extinct, even with this much
more lenient criterion. The reason is simply that the surviving
planetesimals that were disrupted were mainly disrupted by
Neptune and never entered the inner Solar System. Indeed,
three of the four disrupted surviving planetesimals that were
rendered extinct had been disrupted by Jupiter (and the fourth
by Uranus).
Some dynamically new comets start outgassing when
they pass within ∼ 30 au of the Sun (Meech et al. 2009;
Sárneczky et al. 2016). Extremely volatile species such as
CO may drive this outgassing, and these “supervolatiles”
may thus be lost after a relatively small number of passages
through the inner Solar System. We can use our simulations to
roughly evaluate the retention of supervolatiles among differ-
ent populations of planetesimals (although it would be prefer-
able to directly couple a thermal evolution code with plan-
etesimals’ orbital evolution; Gkotsinas in prep.). We simply
assume that a single encounter with Saturn indicates that a
planetesimal spent enough time within ∼ 10 au to lose all
of its supervolatiles. While this is a massive oversimplifica-
tion (e.g., see Guilbert-Lepoutre 2012), we can already see
clear trends.
Surviving planetesimals are far more likely to hold on to
their supervolatiles than ejected ones. The vast majority
(87%) of ejected planetesimals underwent at least one close
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encounter with Saturn, and most (61%) also underwent en-
counters with Jupiter. In contrast, only 37% of surviving plan-
etesimals ever encountered Saturn and only 10% encountered
Jupiter. There are also significant differences among surviv-
ing planetesimals. Survivors within 1000 au were much more
likely to retain supervolatiles than those in the Oort cloud.
They encountered the gas giants at a much lower rate: 22%
[4.9%] of planetesimals within 1000 au encountered Saturn
[Jupiter], compared with 40% [11.8%] beyond 1000 au.
One might wonder: where in the Solar System can we find
the most pristine, least altered planetesimals? The cold classi-
cal Kuiper belt is an obvious answer, as these objects’ dynam-
ically cold orbits indicate that they may never have been scat-
tered by planets (see Nesvorný 2015). Our simulated plan-
etesimals that underwent no more than 100 planetary encoun-
ters and never entered the inner Solar System were preferen-
tially found in two distinct areas: in the scattered disk just past
Neptune, with orbital semimajor axes a < 100 au, and in the
heart of the Oort cloud, with a = 104−5 au.
6. DISCUSSION
While they originated from the same parent population,
planetesimals that were ejected from the Solar System had
a different dynamical experience than surviving ones. We call
this survivor bias.
Compared with surviving planetesimals, a higher fraction
of ejected ones underwent very close encounters with a giant
planet. At face value this indicates a higher rate of tidal dis-
ruption among ejected planetesimals. However, the difference
in disruption rates shrinks – and may even reverse – when the
giant planets’ contraction is taken into account. This is be-
cause ejected planetesimals’ closest encounters were usually
with Jupiter and surviving ones with Neptune, coupled with
the fact that Jupiter’s contraction is far more significant than
Neptune’s (Fortney et al. 2011, see Fig. 3). For tidal disrup-
tion to play an important role in the size distribution, disrupted
planetesimals must on average produce tens to hundreds of
fragments. Comet Shoemaker-Levy 9 disrupted into∼ 20 vis-
ible fragments (Scotti & Melosh 1993; Sekanina et al. 1994).
Yet several families of Sun-grazing comets contains hundreds
of members (e.g., the Kreutz, Marsden and Kracht groups
– see Knight et al. 2010; Lamy et al. 2013), each associated
with a single parent body and presumably produced by tidal
disruption. If tidal disruption fragments dominate a planetes-
imal population – either among ejected or surviving bodies –
this should result in a steeper (i.e., more bottom-heavy) size
distribution (for discussion of the expected size distribution of
interstellar objects, see Rafikov 2018; Raymond et al. 2018a;
Moro-Martín 2018).
Survivor bias implies that Solar System small bodies
may not always provide good analogs for interstellar ob-
jects (assuming those to have a Solar System-like origin; see
’Oumuamua ISSI Team et al. 2019). In addition, even com-
ing from a unique parent population, not all interstellar ob-
jects should look alike. Based on simple criteria related to the
number of passages within 2.5 au, a large fraction of plan-
etesimals (17%) and fragments (65%) should have lost their
volatiles on the pathway to ejection (see also Raymond et al.
2018b). While we did not model it, the increased outgassing
from passages close to the star may also change planetes-
imals’ and fragments’ shapes and effectively stretch them
out (Seligman & Laughlin 2020; Zhao et al. 2020). A larger
fraction of ejected planetesimals should also have lost their
supervolatiles. These extinct objects might appear similar
to ‘Oumuamua (indeed, Raymond et al. 2018a, proposed that
‘Oumuamua represents an extinct cometesimal fragment),
given its photometric similarity to volatile-rich Solar Sys-
tem objects but lack of visible activity (Meech et al. 2017;
Fitzsimmons et al. 2018). However, this model struggles
to explain ‘Oumuamua’s non-gravitational acceleration (see
Seligman & Laughlin 2020). In contrast, Borisov could sim-
ply represent a planetesimal that was ejected from its home
system a bit more quickly, without repeated passages close to
its star. The most pristine planetesimals in the Solar System
are likely to be trapped in the scattered disk or in the heart of
the Oort cloud.
The giant planets were bombarded during the instability,
enriching their atmospheres with solids (Matter et al. 2009).
In our simulations, an average of 0.20–0.08–0.06–0.14 M⊕ in
planetesimals collided with Jupiter–Saturn–Uranus–Neptune.
When taking the planets’ contraction into account, an addi-
tional 0.25M⊕ collided with Jupiter and 0.1M⊕ with Saturn.
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